INTRODUCTION
Programmed cell death, also known as apoptosis, is a biological process by which all multicellular organisms selectively eliminate damaged, infected and potentially neoplastic cells from the body [1, 2] . Apoptosis plays critical roles in normal development, tissue homoeostasis maintenance and disease progression, and serves as a defence strategy against the emergence of cancer. Apoptosis is regulated by the Bcl-2 family of proteins, which can be either pro-or anti-apoptotic [3] [4] [5] . Bcl-2 proteins all share one or more homologous regions called BH (Bcl-2 homology) domains [6] . Anti-apoptotic Bcl-2 proteins, including Bcl-2, Bcl-xL, Mcl-1 (myeloid cell leukaemia 1), A1 and Bcl-w, share up to four conserved BH domains (BH1-BH4) and membrane-targeting hydrophobic C-terminal regions, and they delay or prevent cell death [6] . On the other hand, pro-apoptotic Bcl-2 proteins promote cell death and are divided into two categories: multidomain and BH3-only. Whereas the pro-apoptotic multidomain Bcl-2 proteins Bax and Bak all have three BH domains (BH1-BH3) in common, the BH3-only Bcl-2 proteins share only a single BH3 domain [7] .
Anti-apoptotic Bcl-2 proteins maintain MOM (mitochondrial outer membrane) integrity, whereas pro-apoptotic Bcl-2 proteins are responsible for increasing MOM permeabilization [8] [9] [10] . In healthy cells, anti-apoptotic Bcl-2 proteins bind to BH3-only Bcl-2 proteins and/or multidomain Bax and Bak, inhibiting their pro-apoptotic activities. In the presence of apoptotic stimuli, proapoptotic BH3-only Bcl-2 proteins are activated. Once activated, BH3-only Bcl-2 proteins are able to activate Bax/Bak either by directly interacting with Bax/Bak or by binding to and subsequently releasing anti-apoptotic Bcl-2 proteins from their complexes with Bax/Bak. Activated Bax/Bak then assemble permeation pores on MOM, releasing pro-apoptotic factors such as cytochrome c into the cytosol, where they trigger a caspase cascade [9, 11] .
Dysregulation of apoptotic signalling pathways has been associated with the development of many diseases, including cancer and neurodegenerative diseases [1, 4] . Increased generation of ROS (reactive oxygen species) is implicated in neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease [12] , and cancer [13] . Oxidative stress inducers such as H 2 O 2 are capable of inducing both apoptosis and necrosis. Mild to moderate levels of H 2 O 2 cause apoptosis, whereas higher concentrations of H 2 O 2 induce necrotic cell death [14] . The mechanisms through which oxidative stress inducers such as H 2 O 2 promote apoptosis are not completely understood. However, recent evidence indicates that Bcl-2 family proteins are involved in regulating oxidative-stress-initiated apoptosis [15] . Overexpressing Bcl-2 has been shown to suppress oxidantinduced apoptosis, probably by inhibiting lysosomal membrane rupture [16, 17] . In addition, several BH3-only Bcl-2 proteins have also been found to be involved in H 2 O 2 -induced cell death [18] [19] [20] . Nonetheless, how anti-apoptotic Bcl-2 proteins coordinate with pro-apoptotic Bcl-2 proteins to modulate oxidative stress-induced cell death remains unclear. In the present study, we systematically explored the role of Bcl-2 proteins in the regulation of H 2 O 2 -induced apoptosis. We observed that endogenous Bcl-xL inhibited cell death induced by H 2 O 2 . Furthermore, upon H 2 O 2
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exposure, Noxa up-regulation and subsequent Mcl-1 expression decrease were essential for apoptosis. Our findings provide evidence that both anti-and pro-apoptotic Bcl-2 proteins modulate apoptotic signalling triggered by oxidative stress.
EXPERIMENTAL

Reagents
H 2 O 2 was purchased from Sigma. PI (propidium iodide) was obtained from Molecular Probes. DMEM (Dulbecco's modified Eagle's medium) and P/S (penicillin/streptomycin) were obtained from Mediatech, and FBS (fetal bovine serum) was purchased from Gemini. The Lipofectamine TM RNAiMAX and Lipofectamine TM 2000 reagents were obtained from Invitrogen. Mcl-1 and Bcl-xL siRNAs (small interfering RNAs) were obtained from Santa Cruz Biotechnology, and a caspase 3/7 assay kit was purchased from AnaSpec. Antibodies used for Western blot analysis were anti-Bcl-xS/L S-18 pAb (polyclonal antibody) and anti-Bcl-2 mAb (monoclonal antibody) from Santa Cruz Biotechnology, anti-β-actin mAb from Sigma, anti-Mcl-1 pAb from Epitomics, anti-Bcl-w pAb from Cell Signaling Technology, peroxidase-conjugated goat anti-(rabbit IgG) and peroxidase-conjugated goat anti-(mouse IgG) from Thermo Fisher Scientific. Unless otherwise stated, all other reagents were purchased from Sigma.
Cell lines and cell culture
MEF (mouse embryonic fibroblast) cell lines examined in the present study were cells deficient in Bcl-xL (Bcl-xL-KO; KO is knockout), Mcl-1 (Mcl-1-KO), or Noxa (Noxa-KO) and their wild-type counterparts. Bcl-xL-KO MEFs re-expressing Bcl-xL were generated by expressing the pEF6 plasmid (Invitrogen) encoding the human Bcl-xL cDNA in Bcl-xL-KO MEF cells using Lipofectamine TM 2000 reagent. Transfected cells were cultured in the medium containing 1.5 μg/ml blastocidin (Invitrogen), and subcloned cell lines were obtained by limited dilution. Expression of Bcl-xL in cloned cell lines was determined by Western blotting. MEF cells overexpressing murine Mcl-1 were generated by retroviral infection in MEFs as described previously [21] . All of the MEFs were grown and maintained in DMEM supplemented with 10 % FBS and 100 units/ml of penicillin and 100 μg/ml of streptomycin. MEFs were cultured at 37
• C in a 5% CO 2 incubator as described previously [22] .
Plasmid construction and retrovirus production
The cDNAs of different pro-apoptotic BH3-only Bcl-2 proteins, including murine Bim (Bcl-2-interacting mediator of cell death) (short), human tBid [truncated Bid (BH3-interacting domain death agonist)], murine Puma (p53 up-regulated modulator of apoptosis), murine Bad (Bcl-2/Bcl-xL-associated agonist of cell death), murine Bik (Bcl-2-interacting killer), murine Noxa, murine Bnip3 (Bcl-2/adenovirus E1B-interacting protein 3), murine Nix (Bcl2/adenovirus E1B 19 kDa protein-interacting protein 3-like), human Hrk (activator of apoptosis harakiri) and murine Bmf (Bcl-2-modifying factor), and the cDNA of the murine anti-apoptotic Bcl-2 protein Mcl-1 were subcloned into the retroviral expression vector pBABE-IRES-EGFP with the EGFP [enhanced GFP (green fluorescent protein)] serving as a marker expressed from an IRES (internal ribosomal entry site). For retrovirus production, the package cell line HEK (human embryonic kidney)-293T was transfected with the plasmid carrying the respective gene of interest and the retroviral helper plasmids pMDG2.0 and pUVMC with Lipofectamine TM 2000 reagent used as a lipid transport milieu. Medium containing retrovirus was collected 48-72 h after transfection. Polybrene (Sigma) at 10 μg/ml was added to the retroviral supernatants to increase infection efficiency. The retroviral supernatants were used to infect various MEF cell lines.
Cell viability assay
Cell viability was determined by the PI exclusion method using flow cytometry analysis (FACScalibur, Beckon Dickinson). A total of 10 4 MEF cell lines were plated in each well of a 48-well tissue culture plate. At 24 h later, different cell lines were either treated with 0.1-0.6 mM H 2 O 2 or infected with retrovirus expressing the respective BH3-only Bcl-2 protein. At the indicated time points, cells were collected in the presence of 1.0 μg/ml PI. Cell viability was measured; untreated cells served as a control. The cell viability of treated or infected cells was calculated as the percentage of that of the untreated control cells as described previously [23] .
Caspase 3/7 activity
To measure the activity of caspase 3/7, we used the Sensolyte ® Homogeneous R110 Caspase 3/7 Assay Kit (AnaSpec). All MEF cells were plated at a density of 2.5×10 3 cells per well in whitewalled 96-well plates 24 h prior to the treatment. Caspase 3/7 activity was determined after 9 h of H 2 O 2 treatment according to the manufacturer's protocols. The kinetics of the fluorescence signal (λ ex /λ em , 496nm/520mn) was measured over a 2 h period at 1 min intervals using a Gemini EM microplate spectrofluorometer (Molecular Devices). The slope of fluorescence increase was calculated and normalized to that of untreated cells, and the results are presented as RFUs (relative fluorescent units) against time (RFU/min).
Western blot analysis
Whole cell lysates of collected cells were prepared by lysing cells in RIPA lysis buffer [150 mM sodium chloride, 1.0 % (v/v) Triton X-100, 0.5 % sodium deoxycholate, 0.1 % SDS and 50 mM Tris/HCl, pH 8.0] containing Complete TM protease inhibitors (Roche). The total protein concentration was measured using the BCA (bicinchoninic acid) assay (Pierce). A 20 μg portion of total protein per sample was separated on a 4-12 % Bis-Tris gel (Bio-Rad Laboratories) and transferred on to a PVDF membrane (Millipore). The membrane filters were incubated with appropriate primary and secondary antibodies and 5 % (w/v) non-fat dried skimmed milk (Bio-Rad Laboratories) in blotting buffer (1×PBS, 0.2 % Tween 20). Proteins were detected using the enhanced chemiluminescence detection system (Pierce) as described previously [21, 24] . 
Gene expression analysis
Total RNA from wild-type MEF cells treated with or without 0.4 mM H 2 O 2 was acquired with the RNeasy kit (Qiagen) according to the manufacturer's instructions. The quality of isolated RNA was determined using a 2100 Bioanalyzer (Agilent). The cRNA was produced using a wildtype expression kit (Ambion) and labelled with a GeneChip wild-type Terminal Labeling Kit (Affymetrix). Hybridization to microarrays (GeneChip Mouse Gene 1.0 ST Array, Affymetrix) was performed on the basis of the manufacturer's instructions. Following processing and scanning of arrays, the summarization and normalization of acquired raw data were carried out using RMA in Partek Genomics Suite 6.5 (Partek) at the University of Louisville Microarray Facility. Signals of exon expression levels were summarized to represent gene expression levels based on mean values.
qPCR (quantitative real-time PCR)
Bcl-xL wild-type, Noxa wild-type and Noxa-KO MEF cells were treated with or without 0.4 mM H 2 O 2 for 7 and 15 h. Wild-type and Bcl-xL-KO MEF cells were infected with medium containing retrovirus expressing different pro-apoptotic BH3-only Bcl-2 proteins for 8 h. In all cases, total RNA was isolated using a RNeasy kit (Qiagen) following the manufacturer's protocol. The concentration of isolated RNA was determined using a NanoDrop 8000 Spectrophotometer (Thermo Scientific), and the quality of RNA was determined by a 2100 Bioanalyzer (Agilent). A 1 μg portion of total RNA was used for RT (reverse transcription)-PCR using a High Capacity Reverse Transcript Kit (Applied Biosystems) to generate cDNA according to the manufacturer's protocol. The TaqMan 20× probes for each of ten pro-apoptotic BH3-only Bcl-2 proteins (Applied Biosystems) were used to detect the respective mRNA expression levels, with tubulin serving as an endogenous control.
Statistical analysis
Statistical analysis was performed using the Student's t test. P < 0.05 was considered significant.
RESULTS
Endogenous Bcl-xL inhibits cell death induced by H 2 O 2
To determine whether endogenous Bcl-2 proteins might be involved in the regulation of oxidative stress-induced apoptosis, we exposed MEFs lacking bcl-x gene expression (bcl-x − / − ) and their wild-type counterparts to H 2 O 2 . Alternative splicing of the bcl-x gene produces two proteins: anti-apoptotic Bcl-xL and proapoptotic Bcl-xS [25] . Although Bcl-xL expression was easily detected in wild-type MEF cells ( Figure 1A ), the expression of Bcl-xS was undetectable, indicating that Bcl-xL is the major splice product in MEF cells. Thus Bcl-x-deficient MEF cells were designated as Bcl-xL-KO. Both wild-type and Bcl-xL-KO MEF cells were incubated with 0.1-0.6 mM of H 2 O 2 and cell viability was measured. Exposure to various concentrations of H 2 O 2 resulted in more cell death in Bcl-xL-KO cells compared with wild-type cells, and cytotoxicity of H 2 O 2 was dosage-dependent ( Figure 1B) . Among all concentrations examined, 0.4 mM H 2 O 2 exposure generated the biggest difference in viability between wild-type and Bcl-xL-KO cells.
It has been reported that moderate H 2 O 2 concentrations cause apoptotic cell death and higher levels of H 2 O 2 induce necrosis [14] . Following 0.1-0.6 mM H 2 O 2 exposure, caspase 3/7 activity was measured to explore the range of H 2 O 2 concentrations that were inducing apoptosis in wild-type and Bcl-xL-KO MEF cells ( Figure 1C ). For both cell lines, cells treated with 0.4 mM H 2 O 2 exhibited the highest levels of caspase 3/7 activity. Exposure to H 2 O 2 concentrations higher than 0.4 mM induced more cell death, but lower caspase 3/7 activity, suggesting that 0.4 mM H 2 O 2 provides the optimal level of apoptosis, and higher doses cause increasing MEF cell necrosis. Importantly, caspase 3/7 activity in Bcl-xL-KO MEFs treated with 0.4 mM H 2 O 2 was higher than that in wild-type cells, indicating that endogenous Bcl-xL is crucial for protection against apoptosis caused by H 2 O 2 .
To validate that the sensitization of Bcl-xL-KO MEFs to H 2 O 2 exposure was solely due to Bcl-xL deficiency, the effects of Bcl-xL re-expression in Bcl-xL-KO MEFs on the viability of H 2 O 2 -treated cells were assessed. Three cell lines with high (H), medium (M) or low (L) expression levels of Bcl-xL expression were selected ( Figure 1D ). These cell lines were then treated with H 2 O 2 and cell viability was determined. Re-expression of Bcl-xL restored resistance to 0.4 mM H 2 O 2 treatment in a Bcl-xL dose-dependent manner ( Figure 1E) . Furthermore, the measurements of caspase 3/7 activity were closely correlated with the levels of cell death ( Figure 1F ), providing more evidence that endogenous Bcl-xL expression is important for preventing apoptosis induced by H 2 O 2 .
Endogenous Bcl-xL inhibits Noxa-induced cell death
It has been demonstrated that, in the presence of an apoptotic stimulus, such as oxidative stress, one or more BH3-only Bcl-2 proteins are activated to mediate apoptotic signalling [18, 20] . To systematically explore which BH3-only Bcl-2 protein is activated upon exposure to H 2 O 2 , we examined a panel of ten wellestablished BH3-only Bcl-2 proteins to identify the BH3-only protein whose expression would reflect the effects of H 2 O 2 on cell viability. Wild-type and Bcl-xL-KO MEF cell lines were infected with retroviral supernatant expressing the individual BH3-only Bcl-2 proteins. As indicated by the GFP fluorescence intensity of cells, more than 95 % of infected MEF cells expressed the individual BH3-only Bcl-2 proteins. qPCR was performed to ensure that each BH3-only protein was expressed at similar levels in both wild-type and Bcl-xL-KO MEFs (Supplementary Figure  S1 at http://www.BiochemJ.org/bj/444/bj4440069add.htm).
On the basis of their effects on viability of wild-type and BclxL-KO MEFs, ten BH3-only Bcl-2 proteins were categorized into three groups (Figure 2A and Supplementary Figure S2 at http://www.BiochemJ.org/bj/444/bj4440069add.htm). BH3-only Bcl-2 proteins in the first group, including tBid, Bmf, Hrk, Bim and Puma, caused similar levels of cell death in wild-type and BclxL-KO MEF cells, indicating that endogenous Bcl-xL was unable to antagonize the pro-apoptotic activities of these BH3-only Bcl-2 proteins. In the second group, Bad, Bnip3, Nix, and Bik failed to induce cell death in either wild-type or Bcl-xL-KO MEF cell lines. Finally, Noxa was the only BH3-only Bcl-2 protein whose expression induced significant cell death in Bcl-xL-KO MEFs, but not in wild-type MEFs (Figure 2A ).
To further confirm that endogenous Bcl-xL is able to inhibit pro-apoptotic activities of Noxa, Noxa was expressed in MEF cells with different Bcl-xL expression levels. Bcl-xL re-expression restored protection against Noxa expression, and the extent of protection correlated with the levels of Bcl-xL expression ( Figure 2B ). The observation that endogenous Bcl-xL was able to prevent cell death induced by H 2 O 2 treatment and Noxa expression in a similar manner suggested that Noxa might be involved in H 2 O 2 -induced MEF cell death.
H 2 O 2 -induced cell death is mediated by Noxa
To further investigate the role of BH3-only Bcl-2 proteins in apoptosis induced by H 2 O 2 , microarray experiments were carried out to determine the global changes in mRNA expression levels of different Bcl-2 proteins in wild-type MEF cells. Upon H 2 O 2 exposure, the most notable increase in gene expression within the BH3-only Bcl-2 protein family was Noxa, whereas other BH3-only proteins showed smaller changes in gene expression ( Figure 3A ). Noxa gene expression was dramatically increased at the 7 h time point, but the level of increase was smaller at the 15 h time point, indicating that the increase of Noxa expression might be transient and this decrease might be attributed to accumulation of dying cells. The up-regulation of Noxa mRNA was also validated using qPCR ( Figure 3B ).
To explore the importance of Noxa in cell death caused by H 2 O 2 , we investigated the effects of decreased Noxa expression on cell sensitivity to H 2 O 2 . MEF cells deficient in Noxa expression (Noxa-KO) and their wild-type counterparts were acquired. Owing to a lack of effective anti-(mouse Noxa) antibodies, we failed to detect Noxa protein expression in any of the MEF cell lines examined. However, the results from qPCR experiments confirmed that Noxa mRNA was expressed in wild-type, but not in Noxa-KO, MEF cells. When treated with 0.1-0.6 mM H 2 O 2 , MEF cell death increased in a dosage-dependent manner, and wild-type MEF cells were more sensitive to H 2 O 2 than Noxa-KO cells, providing evidence that H 2 O 2 -induced cell death is primarily mediated by Noxa in MEF cells ( Figure 4A ). Although the wild-type counterparts of Noxa-deficient MEFs were susceptible to H 2 O 2 treatment (Figure 4A ), wild-type MEF cells generated along with Bcl-xL-KO MEFs were resistant to the same H 2 O 2 exposure ( Figure 1B) . The difference in Bcl-2 networks of these two independently developed cell lines, such as the level and length of Noxa induction and anti-apoptotic Bcl-2 protein activities, could determine how cells respond to oxidative stress. Importantly, the biggest difference in viability between wild-type and Noxa-KO cells was observed for cells treated with 0.4 mM H 2 O 2 . Furthermore, 0.4 mM H 2 O 2 exposure induced highest caspase 3/7 activity among all concentrations tested ( Figure 4B ). Consistent with the data shown in Figure 1(C Figures 5C and 5D ). In addition, reduction of Mcl-1 protein in H 2 O 2 -exposed MEF cells was unlikely to be due to a decrease in mRNA levels, as H 2 O 2 treatment slightly enhanced Mcl-1 mRNA levels (Supplementary Table S1 at http://www.BiochemJ.org/bj/444/bj4440069add.htm).
Mcl-1 overexpression inhibits cell death caused by H 2 O 2
To of several other anti-apoptotic Bcl-2 proteins, including Bcl-xL, Bcl-2 and Bcl-w, appeared unchanged ( Figure 7A ). The reduction of Mcl-1 expression in wild-type cells was more dramatic than that in Bcl-xL-KO cells ( Figure 7B ). Whereas knocking down Mcl-1 expression failed to affect spontaneous wild-type cell death, reduced Mcl-1 expression in Bcl-xL-KO cells caused significantly more cell death ( Figure 7C ).
To further validate the role of Bcl-xL and Mcl-1 in maintaining cell survival, a reciprocal experiment was performed to knock down Bcl-xL expression in wild-type and Mcl-1-KO MEF cell lines (Figure 7D) . At 24 h following transfection, Bcl-xL expression was reduced to comparable levels in wild-type and Mcl-1-KO MEF cell lines by Bcl-xL siRNA ( Figure 7E ). Much higher levels of spontaneous cell death were observed in Mcl-1-KO MEF cells with reduced Bcl-xL expression, whereas decreased Bcl-xL expression did not affect cell survival in wildtype MEF cells ( Figure 7F ). Overall, these results indicate that Bcl-xL and Mcl-1 are important in maintaining MEF cell survival, and suppressing both of them leads to spontaneous cell death.
DISCUSSION
Oxidative stress-induced apoptosis is a well-described phenomenon, but the precise mechanisms through which oxidative stress is coupled with ultimate cell death are not completely clear. In the present study, we investigated the roles of both anti-and pro-apoptotic Bcl-2 proteins in regulating cell death caused by oxidative stress in the form of H 2 O 2 . Upon H 2 O 2 exposure, endogenous anti-apoptotic Bcl-xL seemed to be essential for MEF cell survival. Systematic examination of the involvement of BH3-only Bcl-2 proteins in H 2 O 2 -caused cell death revealed that Noxa was the major mediator of H 2 O 2 cytotoxicity in MEF cells. Furthermore, H 2 O 2 -induced Noxa expression led to reduction in Mcl-1 expression, which in turn co-operated with decreased Bcl-xL levels to trigger apoptotic signalling. Overall, our studies provide molecular evidence that Bcl-2 proteins function co-operatively to modulate cellular responses to oxidative stress. Cellular responses to any apoptotic trigger, including oxidative stress, are modulated by complex Bcl-2 networks [9, 10] . For the two independently developed wild-type MEF cells examined in this report, their responses to H 2 O 2 exposure were different. Although wild-type MEF cells generated along with Bcl-xL-KO MEFs displayed resistance to H 2 O 2 ( Figure 1B) , the wildtype counterparts of Noxa-deficient MEFs were sensitive to the same H 2 O 2 treatment ( Figure 4A ). This discrepancy could be attributed to the difference in Bcl-2 networks in these two cell lines. The scale and duration of Noxa induction as well as the activities of anti-apoptotic Bcl-2 proteins could determine the cellular responses to oxidative stress. The interplay between Noxa and Bcl-xL does not seem to shift the responses to H 2 O 2 doses, as 0.4 mM H 2 O 2 induced the highest levels of caspase 3/7 activity in all of the cell lines examined (Figures 1C and 4B) .
In response to apoptotic stimuli, activity of BH3-only Bcl-2 proteins is up-regulated either by an increase in transcription or by post-translational modification, such as caspase 8-mediated proteolysis of Bid [27] , phosphorylation of Bim [28] and dephosphorylation of Bad [29] . Our present study focuses on investigating whether transcriptional induction of a particular BH3-only protein mediates oxidative stress-triggered cell death. The possible role of post-translational modification of BH3-only proteins in oxidative stress-induced apoptosis is not addressed here. It is conceivable that post-translational modification of one or more BH3-only Bcl-2 proteins might also be involved in apoptosis induced by oxidative stress. Modest caspase 3/7 activity observed in H 2 O 2 -treated Noxa-KO MEF cells suggests that BH3-only proteins other than Noxa are also involved in oxidativestress-induced apoptosis, albeit with a minor role in MEF cells ( Figure 4B ).
Several BH3-only Bcl-2 proteins have been proposed to be involved in cell death caused by H 2 O 2 . Murine retinal explants deficient in Bim expression are more resistant to H 2 O 2 treatment compared with retinal explants expressing Bim [30] . In fibroblasts, Bik expression is crucial for H 2 O 2 -triggered cell death [20] . In agreement with our observations, Noxa is largely responsible for H 2 O 2 cytotoxicity in T-leukaemia Jurkat cells [18] . Thus the involvement of a particular BH3-only Bcl-2 protein in H 2 O 2 -induced cell death appears to depend on cell type, which could be attributed to cell-specific transcriptional responses to cell death stimuli. Whereas the PAR (prolineand acid-rich) subfamily of the bZIP (basic leucine zipper) transcriptional factor family is responsible for an increase in Bik expression in H 2 O 2 -exposed MEF cells [20] , ATF4 (activating transcription factor 4) has been implicated in the induction of Noxa expression in Jurkat cells upon H 2 O 2 exposure [18] . It is still unclear how oxidative-stress-triggered death signalling is transduced into the nucleus to induce transcription of BH3-only Bcl-2 proteins. The cytotoxicity of oxidative stress is believed to be mediated by ROS and reactive iron [31, 32] . Membrane rupture of lysosomes, the organelle with the greatest abundance of labile iron, results in translocation of redox-active iron to the nucleus, which might be responsible for generating oxidative damage to DNA and subsequent transcriptional responses [33] .
In support of this model, the lysosomotropic iron chelator DFO (deferoxamine) prevents the production of more reactive species of ROS, lysosomal rupture and subsequent cell death [31, 32, 34] .
It has been proposed that BH3-only Bcl-2 proteins function to inhibit the activities of anti-apoptotic Bcl-2 proteins and/or activate the multidomain effector Bcl-2 proteins Bak and Bax [8] .
The differential interactions between BH3-only Bcl-2 proteins and pro-survival Bcl-2 proteins enable the complex Bcl-2 network to modulate apoptotic signalling. Through BH3 peptideand protein-binding assays, the interactions between BH3-only proteins and anti-apoptotic Bcl-2 proteins have been quantified [35, 36] . Although some BH3-only proteins, such as Bim and Puma, engage all anti-apoptotic Bcl-2 proteins, Noxa is believed to interact with Mcl-1 with highest affinity in vitro. Although Bim, Puma, Bmf and Hrk have been shown to bind to Bcl-xL, endogenous Bcl-xL failed to provide any protection against the expression of each of them (Figure 2 and Supplementary Figure S2 ). One possible scenario is that endogenous Bcl-xL was overwhelmed by the expression of these BH3-only proteins. However, our current knowledge of the interactions between BH3-only Bcl-2 proteins and Bcl-xL are largely based on studies of BH3 domain peptides and recombinant proteins. The results obtained from these in vitro studies might not truthfully reflect the physiological interactions between endogenous Bcl-xL and BH3-only proteins inside cells.
Remarkably, Noxa was the only BH3-only Bcl-2 protein whose pro-apoptotic activities were completely abolished by endogenous Bcl-xL, even though cytotoxicity of Noxa on Bcl-xL-KO MEF cells was comparable with those of Bim, Puma, Bmf, tBid and Hrk (Figure 2 ). The simple explanation for this observation is that endogenous Bcl-xL directly binds to Noxa and completely sequesters all exogenously expressed Noxa. Indeed, a recent study indicates that Bcl-xL may directly interact with Noxa in HeLa cells [37] . However, the observed interaction between Bcl-xL and Noxa is weak, as only overexpressed Bcl-xL, but not endogenous Bcl-xL, has been found to bind Noxa following DNA damage. This seems not to be the case in our present study. If endogenous Bcl-xL directly bound and sequestered Noxa in H 2 O 2 -treated MEF cells, reduction of Mcl-1 expression would be more dramatic in Bcl-xL-KO cells, since more unbound Noxa proteins would be available to engage Mcl-1 in the absence of Bcl-xL. In fact, similar reduction of Mcl-1 expression was observed in wildtype and Bcl-xL-KO cells ( Figure 5 ), suggesting that Noxa does not directly engage endogenous Bcl-xL in MEF cells. Instead, our present study provides evidence that H 2 O 2 -induced Noxa expression causes Mcl-1 down-regulation, which is involved in H 2 O 2 cytotoxicity.
Our results demonstrate that Bcl-xL and Mcl-1 are two major anti-apoptotic Bcl-2 proteins protecting cells against basal proapoptotic activities in healthy cells. Apoptosis was initiated when Mcl-1 expression was reduced in Bcl-xL-KO cells or Bcl-xL expression was decreased in the cells lacking Mcl-1 expression (Figure 7) , which is consistent with the previous studies in HeLa cells [37] . The nature of basal pro-apoptotic activities triggering apoptosis in the absence of Bcl-xL and Mcl-1 is not completely understood. One intriguing possibility is that multidomain Bak is kept inactive by Bcl-xL and Mcl-1 in healthy cells [26] , but in the presence of apoptotic stimuli, BH3-only Bcl-2 proteins are activated to displace both Bcl-xL and Mcl-1 from Bak, such as Bad for Bcl-xL and Noxa for Mcl-1. Bak is then freed and activated, and activated Bak subsequently forms permeation channels on mitochondria and promotes MOM permeabilization. However, other studies indicate that Bak is not kept in check by Bcl-xL and Mcl-1 [38] . Instead, the mitochondrial protein VDAC2 (voltagedependent anion channel 2) is found to sequester Bak and keep it inactive. Whether Bak activation is responsible for oxidative stress-induced cell death or not warrants further investigation. In summary, the present study defines the important roles of several members of the Bcl-2 protein family in H 2 O 2 -induced apoptosis (Figure 8) . Future studies will focus on the signalling pathway, particularly the involvement of lysosomal membrane permeabilization, in the induction of Noxa transcription.
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